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METHOD!  rO*  PREDICT1NQ  COMBINED  ELECTRONIC  AND 

ME&mS*k  IXiZ Et£MHAiMEy 

I,  PURPOSE 


The  purpose  of  this  program  la  to  develop  methods*  relationships* 
and/or  guidalinoa  for  prodietlng  tha  reliability  of  thoaa  typaa  of  Signal  Corpa 
aquipmanta  which  maka  extensive  use  of  both  alactronic  and  machanioal 
componanta.  Tha  methodology  resulting  from  thia  program  ahould  ba 
•uitabla  for  making  raliability  pradictiona  during  tha  aquipmanta'  daaign 
stage 


Tha  atapa  for  carrying  out  tha  program  ara  outlinad  aa  follows; 

1 .  Study  and  avaluation  of  tha  alactronic  raliability  area* 
and  ganaral  raliability  pradiction  tachnlquaa 

2.  Davalopmant  of  functional  modulo  concapt  from  equip¬ 
ment  atudlea 

3  Evaluation  and  mathematical  modeling  for  module 

4.  Traneformatlon  into  modulo  probability  modal 

5  Electro-mechanical  interface  considerations 
(combining  predictions  from  both  araae) 

6.  Physical  modal  considerations*  design  and  test  of 
modal*  followed  by  evaluation  of  data  and  incorporation 
into  prediction  technique 

7,  Implementation  of  technique  for  ganaral  use  in 
making  raliability  prediction 


I 


»■  mam 

The  ma,jof  effort  in  the  pr ogram  during  the  fire*  quarter  waa  davotad 
to  invaatigating  tha  tm  of  mechanical  raliablllty  prediction,  Tha  feasi¬ 
bility  of  a  number  of  approachaa  to  tha  mechanical  reliability  prediction 
problem  waa  considered,  Tha  extant  to  which  an  approach  baaed  at  tha 
mechanical  failure  mechaniam  level  would  be  applicable  to  the  program 
waa  investigated.  A  aurvey  waa  made  of  information  available  in  tha 
area  of  mechanical  failure  mechaniame,  including  auch  ltema  aa  fracture, 
instabilities,  creep,  fatigue,  wear,  corroaion,  etc,  It  waa  concluded  that 
a  prediction  technique  baaed  at  £uch  a  level  would  not  be  the  moet  effective 
for  the  purpoeee  of  the  program  becauie  of  the  largely  empirical  and  quali¬ 
tative  nature  of  the  information  available,  and  because  there  le  no  generally 
applicable  theory  connecting  the  exiating  information  ao  aa  to  provide  a 
unified  approach  for  the  entire  epectrum  of  mechanical  failure  mechanism* 
The  apffi'oach  electee  mechanical  reliability  prediction  ie  bated  at  what 
la  called  the  functional  m^fifTlevel  (an  array  of  element*  or  component* 
parforming  a  apecific  function),  Thia  permit*  a  more  general  approach 
to  the  problem  while  etill  allowing  Information  to  be  ueed  from  lower  system 
level*,  auch  aa  failure  mechaniam  information  and  any  component  re¬ 
liability  data  which  may  be  available, 
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m.  ooNrtutNCM 

a,  ttM.rim.  Ctroa>m»»  M«„ tin 

Data  i  9  Augutt  1962 

PUcai  UIAJCRDA,  rt,  Monmouth,  N,  J, 

In  Attandaneai  H.  Xdalatain  USASRDA 
JC.  R.  rioffl  " 

P,  ®,  Griffith  " 

0,  Upton  " 

H,  M,  Nachmiaa  " 

J.  M,  PtppA*  " 

J,  Soadian  " 

A,  A,  Eubank*  ARP 
M,  X,  Ooldborg  " 

0,  T,  Jacobi  " 

D,  F.  Simonaiti*  11 

Tha  purpota  of  thi  a  fir  lit  ataaring  oommittao  moating  waa  to 
aatabhah  final  agraamant  batwaan  ARP  and  U8AEA.DA  m  tha  over-all 
objactivaa  of  tha  program  and  to  preaant  tha  initial  ARP  approach.  It 
waa  aetabllahed  that  tha  objactiva  of  tha  program  ia  to  davalop  mathodl, 

i 

ralationahipa,  and/or  guidalinaa  for  datarmlning  tha  raliability  of  Signal 
Corpa  oyatamt  whara  largo  numbar*  of  both  alactronic  and  machanical 
componanta  ara  praaant  and  whara  information  from  thaaa  two  araa*  muat 
ba  combinad.  A  maaaura  of  compariaon  batwaan  diffarant  ayatam  daaigna 
would  ba  an  axampla  of  a  minimum  typo  of  reault  from  thla  program. 

B.  Inapaotlon  Vialt  to  U8AERDA 

Data:  27,  29  Auguat  1962 

Fla  cat  USAERDA,  Pt.  Monmouth,  N.J. 

In  Attandancai  C,  Lipaon  USAERDA 

J,  Soadian  " 

T.  L,  Buah  ARP 

D,  P.  Slmonaitia  " 

Tha  purpota  of  thia  vialt  waa  to  anabla  ARP  ataff  mamba r a  to  gain 
familiarity  with  tha  varioua  kind*  of  alactro-machanieal  aqulpmanta  undar 
taat  and  davalopmant  at  tha  Signal  Corpa,  Varioua  faoilitita  at  tha  Signal 
Corpa  wart  viaitad,  including  thoaa  of  tha  Communication*,  Avionic  a,  and 
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Surveillance  activtttee,  During  the  viait  a  general  picture  was  obtained 
of  the  varloue  typee  o f  equipment*  with  which  the  program  would  ha  eon* 
earned.  Operation  © i  a  number  el  aquipmanta  waa  observed,  and  varioua 
diaplaya  provided  an  initial  view  ot  tha  component  array  within  tha  at  equip* 

.t 

manta.  In  addition,  varioua  report*  and  technical  manuali  on  thaaa  equip* 
manta  ware  obtained,  it  waa  expected  that  detailed  atudy  o t  thia  literature 
would  provide  an  important  input  to  tha  program. 

3.  Steering  Committee  Meeting 

Datei  29  September  1962 

Placci  Armour  Research  foundation,  Chicago,  111. 

In  Attendance:  J.  Soadian  USAERDA 

T.  L.  Bush  ARP 

C.  E,  Osbhart  " 

M.  X.  Ooldberg  » 

A.  Horberg  " 

0,  T.  Jacobi  " 

D.  P.  Simonaiti*  " 


At  thie  meeting  progress  on  the  program  to  date  waa  diecuaaed, 

It  waa  pointed  out  that  a  closer  look  waa  being  taken  at  possible  prediction 
techniques  than  was  originally  intended,  particularly  tor  the  mechanical 
prediction  task.  Thie  waa  being  dona  to  a  large  dagrea  in  place  of  an 
initial  datailed  survey  of  equipment*  and  components, as  was  originally 
outlined  for  the  program.  Tha  literature  survey  of  electrical  /electronic 
reliability  data  had  juet  started  and  would  continue  into  the  second  quarter. 
The  discuseion  centered  upon  the  remits  of  the  mechanical  reliability  in* 
veetigatlon,  It  waa  agreed  that  the  investigation  of  mechanical  failure 
mechanism*  indicated  that  a  mechanical  predictive  technique  bated  at  tha 
failure  mechanisms  level  would  not  be  the  molt  useful  for  the  program. 

An  initial  outline  was  presented  for  a  predictive  technique  utilising  a  study 
of  a  unit  or  array  of  components  called  a  functional  modulo. 
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IV.  TASIVkl.  OAT  A. 

A.  Infraction 

Ths  tltl*  o  f  ART  project  El  16,  "Method!  for  Predicting  Combined 
Electronic  end  Mechanical  System  Reliability,  "  indicetee  the  combining 
of  information  from  two  separate  fielde  of  intereet.  Thus  three  problem 
areas  arise:  the  area  of  reliability  prediction  for  mechanical  object!,  the 
area  of  electronic  reliability  prediction,  and  finally  the  problem  of  compatl- 
billty,  i,  e, ,  combining  prediction!  from  the  two  areal  or  making  an  overall 
reliability  prediction  for  an  electro-mechanical  eyitem, 

The  approach  aa  originally  outlined  at  the  beginning  of  program 
effort  conai  ited  of  the  following  phases: 

1)  Signal  Corpe  equipment  eurvey 

l)  literature  review 

3)  Selection  of  composite  lample  eyitem  for  etudy 

4)  Oeeign  and  building  of  teet  eyetem 

5)  Experimental  evaluation  of  teet  eyitem 

6)  Development  of  physical  and  reliability  mathematical 

model!  for  eyitem 

7)  Evaluation  of  experimental  reiulti  along  with 

mathematical  model! 

0)  Application  to  complex  eyitemi 

In  thii  approach  rather  heavy  emphaaii  waa  to  be  placed  upon 
developing  and  evaluating  aome  "hypothetical"  electro- mechanical  eyitem 
whole  model  of  failure  would  be  characteristic  of  the  claim  of  equipment 
under  study  on  this  program.  It  waa  hypothesised  that  from  a  study  of  this 
system's  behavior,  both  analytically  and  in  the  laboratory,  it  would  be 
possible  to  develop  the  desired  prediction  technique,  finally  extending  the 
technique  to  more  complex  equipments. 

As  work  progressed,  it  became  clear  that  this  approach  was  de¬ 
pendent  upon  a  higher  degree  of  development  and  accumulation  of  data  in 
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the  am  o I  mechanical  reliability  prediction  than  in  fact  exiets  today. 

There  hat  thus  been  a  shift  in  emphaiia  both  for  the  quarter  and  lor  the 
entire  program.  The  ellort  in  the  mechanical  prediction  tank  ii  being  directed 
toward  extending  applicable  reliability  prediction  techniques  beyond  their 
present  limitations  j  the  ellort  lor  the  electronic  portion  ol  the  prediction 
problem  is  best  devoted  to  surveying  the  entire  spectrum  ol  techniques 
already  at  hand,  and  incorporate  predictions  using  these  existing  methods 
with  the  mechanical  predictions  in  a  compatible  manner. 

Consideration  ol  electronic  reliability  prediction  has  begum  ellort 
during  this  particular  quarter  has  concentrated  upon  the  mechanical  side 
ol  the  interlace. 

B .  Literature  Search 

The  literature  search  being  carried  out  lor  this  program  is  con¬ 
cerned  with  surveying  the  existing  reliability  literature  lor  inlormation 
which  will  be  uselul  to  the  program, 

That  portion  ol  the  survey  covering  the  electronic^  and  general 
reliability  area  is  in  progress  and  will  bs  completsd  during  the  second 
quarter,  Although  the  general  status  ol  electronic  reliability  prediction 
is  generally  well  known,  the  inlormation  available  in  this  area  must  be 
brought  into  proper  perspective  with  regard  to  the  entire  program.  The 
areas  being  investigated  include  reliability  data,  lailure  distributions,  and 
the  combinatorial  aspect  of  the  electronic  and  mechanical  prediction, 

A  survey  ol  current  knowledge  in  the  field  ol  mechanical  lailure 
mechaniems  was  carried  out.  the  results  ol  which  are  included  in  thi • 
report.  In  addition,  a  request  was  submitted  to  A8T1A  lor  a  bibliography 
in  the  Held  ol  mechanical  reliability.  This  bibliography  yielded  little 
in  the  way  ol  useful  information. 
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C.  Mechanical  Reliability  Invte  ttiation 
1,  Initial  coneldiritloni 

The  diff iculti • »  eurrounding  attainment  of  meaningful  prediction 
technique*  for  the  mechanical  eide  of  the  interface  were  recognised  at  the 
Inception  of  the  program,  In  arriving  at  a  realistic  balance  between  pre- 
cision  of  results  and  generalised  applicability  of  techniques,  different 
approaches  were  considered,  This  section  discussas  some  of  these,  to¬ 
gether  with  reasons  for  their  rejection,  Erom  these  considerations  the 
program  as  it  is  now  constituted  was  evolved, 

In  principle  it  is  possible  to  conduct  an  extensive  test  program  for 
various  mechanical  components,  analagous  to  reliability  tests  performed 
on  electronic  components,  Extensive  tests  on  a  single  component  might 
yield  data  of  reasonable  precision,  However.  the  broad  range  of  Signal 
Corps  equipments,  coupled  with  the  time  and  effort  required  to  encompass 
this  range,  precludes  such  an  approach  for  this  program,  Equally  important, 
however,  is  the  extreme  difficulty  in  extrapolating  such  information  for  pre¬ 
diction  for  components  of  different  design  under  different  environmental 
conditions,  An  sxperimental  program  would  not  provids  the  analytical 
technique  suitable  for  broad  application  to  mechanical  reliability  prediction 
during  the  equipment  design  effort, 

As  an  example  of  this  situation,  failure  rate  data  may  have  been 
compiled  for  a  particular  gear  transmitting  a  particular  torque  at  room 
temperature,  The  observed  failures  may  be  due  to  fatigue  of  the  metal, 

If,  to  consider  an  extreme  condition,  the  same  gear  ie  operated  in  a 
cryogenic  environment  with  the  same  load,  the  failure  may  be  of  a  different 
type  (i,  embrittle  fracture  at  peak  load)  making  the  data  obtained  under  the 
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original  condition!  generally  inapplicable,  On  the  othar  hand*  consider  a 
gear  similar  to  tha  first  from  another  manufacturer  operating  in  tha  original 
environment,  It  may  hava  slightly  different  material  propartiae  or  eon. 
figuration  (such  a  a  a  amallar  fillet  radiua  at  tha  bottom  of  tha  gaar  laath). 

Tha  failuraa  may  again  ba  due  to  fatigue*  but  tha  failure  rata  oould  ba 
radically  different  and  unpredictable  on  the  baeie  of  tha  original  data.  Thie 
example  generally  illustrate*  the  situation  which  exists  for  that  mechanical 
failure  data  which  is  available,  Any  changes  in  design*  material  properties* 
environment,  or  application  give  that  mechanical  failure  data  which  does 
exist  an  extremely  narrow  range  of  usefulness, 

It  is  possible  in  principle  to  circumvent  tha  limitations  discussed 
above  by  what  can  be  described  as  the  determination  of  reliability  at  tha 
failure  mechanism  level  <*»  application  of  tha  fundamental  laws  of  physics 
regarding  changes  in  material  properties,  Here  ws  are  concerned  with  a 
detailed  analysis  of  the  deiiign  of  the  mechanical  component,  Such  an  analysie 
would  then  be  related  to  a  description  of  the  part's  loading  and  environmental 
history  and  to  the  known  existing  mathematical  relationships  governing  the 
typee  of  failure  to  which  the  part  would  ba  subject,  ly  relating  these  failure 
relationships  to  time*  one  might  then  dstermine  tha  various  reliability 
parameter  a  (such  as  mean  tims  to  failure)  for  each  mode  of  failure  of  tha 
component, 

Tha  gaar  mechanism  previously  citsd  will  serve  as  a  simple  example,  . 
Given  the  environment*  the  load  applied  to  the  gear  teeth*  and  the  deeign  of 
the  gear*  the  etrees  concentration  at  the  fillet  of  a  tooth  might  be  determined, 
Then  knowing  the  RPM  of  the  gear  and  ite  material,  some  expression  relating 
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th«  stress  lava!  and  tha  number  of  cycle*  to  fa ilure  could  ba  applied,  It  thia 
expression  wars  known.  The  aama  technique  would  than  ba  applied  to  other 
possible  modaa  of  failura  auch  aa  waar  of  tha  teeth,  galling  of  tha  teeth, 
allppaga  of  tha  hub  on  ita  shaft,  ate. 

It  should  ba  noted  that  herein  tha  failure  mode  of  a  daviea  rafara 
generally  to  tha  gross,  microscopically  obaarvabla  manifestation  of  failura. 

A  atatio  failura  or  a  oorroaion  failure  are  examples  of  failure  modaa. 

Tha  key  to  auch  a  predictive  technique  would  be  to  relate  auch  failura 
modaa,  the  operating  atraaaes  and  environmente,  and  the  failure  mechanisms, 
2.  Mechanical  failure  mechanlama  atudy 

One  of  the  determining  factor*  of  the  applicability  of  auch  a  prediction 
technique  to  thia  program  ia  the  extent  to  which  information  i»  available 
describing  auch  failure  mechanlama.  Therefor*,  a  portion  of  the  literature 
survey  waa  devoted  to  thia  purpose,  The  following  paragraph*  indicate  the 
kind  of  information  and  reiationahipa  generally  known  to  govern  a  wide  range 
of  mechanical  failure  mechanlama 
:■  .  Ductile  Fracture 

Ductile  fracture  implies  a  flow  of  the  material  prior  to  fracture. 

Hence,  failure  may  reault  from  this  distortion  reaching  an  intolerable  level 
or  from  the  fracture  iteelf.  The  distortion  is  governed  by  the  etreee- strain 
diagram  of  the  material  involved.  The  shape  of  the  curve  depends  on  the 
strain  hardening  or  the  ductility  of  the  material.  Figure  1  shows  a  typical 
flow  diagram  A  common  assumption  ia  that  an  increment  of  strain,  £e, 
is  proportional  to  the  devlatory  stress,* ,  in  the  component  directions 
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(Theory  by  Reuse)  t 

*  k»  •  (1) 

final  fructure  depends  elsu  on  the  material  properties,  end  e  variety  of 
theories  ere  available  for  predating  the  stete  et  which  freeture  occurs, 
four  common  theories  ere  compered  in  figure  i  for  the  cess  of  biaxial 
■tress,  In  this  figure  S'u  end  8"u  ere  the  tensile  end  compressive  ultimote 
strengths,  respectively.  It  should  be  noted  that  the  general  strength 
properties  of  e  materiel  usually  decrease  with  increase  in  temperature, 
b,  Brittle  fracture 

Brittle  fracture  implies  a  rapid  failure  without  significant  prior  flow 
of  the  material,  The  phenomenon  is  usually  associated  with  an  area  of 
stress  concentration  such  as  a  scratch,  small  pit,  or  crack,  Most  theories 
of  brittle  failure  are  based  on  the  Griffith  theory  of  crack  propagation, 

This  theory  states  that  a  crack  of  length  2c  will  propagate  and  create 
catastrophic  failure  when  the  average  stress  reaches  the  value 


where  JC  is  Young's  Modulus  and  T  is  the  surface  tension  of  the  material 
per  unit  thickness,  Normally  ductile  materials  may  fail  in  brittle  manner 
if  the  temperature  is  sufficiently  low,  The  critical  temperature  is  the 
so-called  "transition  temperature, " 
c,  Instabilities 

Instabilities  of  components  may  occur  whenever  long  and/or  thin 
members  are  under  compressive  axial  loading,  torsion,  and/or  are  rotating, 
Such  members  include  shafts,  bars,  rings,  beams,  plates,  tubes,  and 
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COMPARISON  OF  FAILURE  THEORIES  FOR  ULTIMATE  STRENGTH 


sheila,  Failurs  occur*  when  ths  rat*  of  inert***  of  strain  ensrgy  of  ths 
m*mb«r  dus  to  distortion  sxeteds  th*  r«t*  at  which  work  i*  being  performed 
by  the  loading.  A  *impl*  example  i*  a  prismatic  bar  with  comprehensive 
end  loading  which  buckler  when  the  load  reach**  the  "Euler  load"  of 


where  El  is  th*  modulus  of  rigidity  and  1  1*  th*  length  of  the  bar. 


Creep  1*  the  phannm  do  >  /which  material*  continue  to  flow  even 
under  uniform  load,  The  letortion  is  generally  at  a  very  low  rnU  but 
is  sensitive  to  both  stress  level  and  temperature.  Figuru  3  illustrate* 
typical  constant  stress  oreep  curves. 

Th*  region  of  constant  creep  rate  may  generally  be  described  by  an 
exponential  function  of  th*  stress,  *,  and  temperature,  T  (Emperical 
relation  by  Bailey)  a*  follow*! 


. .  »  • 


(4) 


where  a,  b,  and  n  are  material' constants,  For  most,  sngineering  materials 
at  room  temperature  creep  is  negligible  below  th*  elaatic  limit. 


Fatigue  implies  the  failure  of  a  material  by  fracture  due  to  repeated 
loading,  Th*  phenomenon  may  ba  beet  described  by  the  plot  of  etreee  vereus 
cycles  to  failurt  (1-N  diagram)  shown  in  Figure  4. 
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STRAIN 


Mdit  engineering  materials  exhibit  an  "endurance  limit,  "  which  i> 
tht  value  of  men  below  which  it  ia  presumed  that  an  infinite  number  of 
cydea  are  required  to  produce  failure.  In  general  the  relationship  may  be 
described  byi 

N  e  k|(s»atrhJ  ^  W 


where  kj,  kg,  kj,  and  n  are  emperieal  constants,  being  the  endurance 
limit,  For  sinusoidal  loading,  the  stress  may  be  described  by 

s  *  s+  s  sin  wt  (6) 

m 

where  e_  is  the  mean  stress  level  and  s  is  the  variable  stress  illustrated 
rn 

in  Figure  5.  The  effect  of  mean  stress  on  fatigue  failure  at  a  specified 

number  of  cycles  is  illustrated  by  the  Ooodman  diagram  shown  in  Figure  6. 

8  8 

Thie  may  be  stated  mathematically  as.  +  ,,,1? .  a  j,  (7> 

e  ®u 

When  a  material  is  f  1  .  ,  loaded  at  different  stress  levels,  Miner's 

criterion  may  be  employed  to  estimate  the  cumulative  damage  from  fati„ 

This  states  that  a  material  will  fall  when  the  sum,  of  the  ratios  of  cycles, 
n,  at  each  value  of  load  to  the  cycles  to  failure,  N,  at  the  same  load  exceeds 
about  0, 1  to  1,0: 


t 

i  ■  1 


ni 

"T 


0 .  80  to  10 


(I) 


f,  Wear 

mrnmmm 

Wear  occurs  whenever  materials  rub  over  each  other.  The  rate  of 
wear  is  proportional  to  the  product  of  normal  contact  load,  N,  and  length 
of  travel L,c'  one  part  over  the  other,  and  inversely  proportional  to  the 
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hardness  of  the  material.  H, 


W tor  rarely  causae  breakage  of  a  member,  but  rather  failure  is  caused 
by  parti  becoming  out  of  toiaranca  And  not  performing  thilr  required  function 
aetiifectorily, 

I  SSL'JJlM 

Corroaion  of  a  mAtoriAl  if  th«  gradual  deterioration  of  thf  fur- 
fAOi  by  chemical  reaction  with  it*  environment.  Tht  typo  of  corroaion  moat 
likely  to  ocour  in  electromechanical  militAry  ground  equipment  ia  atmospheric 
corroaion.  Tha  matal  combine*  with  oxygen  to  form  oxides  which  than 
uaually  flaka,  chip*  or  wear  off  ralativaiy  easily,  Moiat  air  commonly 
accalarataa  tha  procaaa.  Also,  matala  under  atraaa  tand  to  corroda  more 
rapidly  than  if  unstressed.  Matariala  aubjactad  to  cyclic  load*  and  corroaion 
may  form  pita  which  act  a*  stress- raisera  and  hanca  greatly  reduoa  tha 
fatigue  atrangth. 
h,  impact 

Impact  atrangth  may  b*  considered  to  be  tha  snergy- absorbing 
quality  or  "toughness"  of  a  material  and  impliee  a  rapidly  applied  load. 

In  general,  incraaaad  rata  of  loading  improve*  the  atrangth  properties  of 
a  material.  Young' a  modulus,  yield  atrangth.  ultimata  strength  and 
maximum  deformation  are  uaually  all  higher  values.  If.  however,  tha 
impact  ia  applied  while  tha  matal  ia  below  tha  transition  temperature, 
ductility  ia  reduced  and  failure  may  even  be  brittle  in  nature.  It  has  been 
shown  that  a  critical  velocity  oxiste  above  which  fracture  is  assured. 
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for  uniaxial  tension,  for  example.  thin  velocity  is  given  by  the  relation 


where  e0  i«  th#  strain  at  maximum  load,  ^de  ii  the  sl-pe  o t  the  •trail- 
•train  curve,  and ye  ia  the  danaity  of  the  material. 

*■  StUiDL 

Qalling  implies  tha  digging  or  gouging  of  tha  surface  of  one  mataual 
by  anothar.  Matarialc  in  contact  axart  inter/a*  k'l  pressures  on  one  another 
and  create  a  itran  diatribution  in  tha  ragion.  Whan  the  maximum  itraai 
exceed*  tha  yield  atrangth  of  one  material  tha  lurfaca  become*  permanently 
deformed.  If  relative  motion  ia  Involved  tha  lurfaca  la  "galled."  Thia 
phenomenon  ia  baaed  on  a  derivation  by  Herts  for  tha  maximum  intarfaeial 
preeiure  between  two  bodies  in  contact.  If  in  the  ragion  of  contact  the  radii 


of  curvature  are  Hj  and  Rj,.  tha  moduli  of  elasticity  are  £j  and  E^,  and 
the  Foie  son  'a  ratios  are  Uj  and  respectively  for  the  two  materials. 


the  maximum  stress  resulting  from  a  contact  fores  P  is  shown  to  be 


S  > 

max 


t  ill 

‘*iq  +  V  "r 

(l-u  ,)|l  +  (l.  u  ,)*  ‘ 


Galling  occurs  when  imjLj|  >  • y,  where  0y  ia  tha  yield  atrangth  of 
one  material. 
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J.  imktw«  cr  m.n«i 

Sticking  occur*  when  part*  in  contact  com*  to  hove  on  inttnded 
relative  motion.  Slipping,  convsrssly,  occur*  whon  port*  in  contest 
inhibit  on  unintended  rolotivo  motion.  Both  offsets  or*  fovtrnod  by  tho 
friction  between  the  moteriol*.  If  F  i*  the  tangential  ihetr  force  Applied 
ot  the  interfoce  end  N  i*  the  norm*!  force  Applied,  the  friction  force  ic 
f  *  Y  N  where  y  ie  the  coefficient  of  friction  for  the  materiel*,  Slippage 
occur*  if  F  ^  f§,  and  sticking  occur*  if  f^  ^  F  whore  fj|  and  fd  are 

calculated  u*ing  the  etatic  and  dynamic  coefficient*  of  friction  reepectively, 
An  important  factor  which  affect*  the  friction  force  ie  clearly  the  normal 
contact  load  N.  Thic  load  is  often  a  direct  function  of  the  temperature  of 
the  material*.  Differential  expansion  or  contraction  of  the  part*  increaee 
or  decreaee  N  in  a  manner  *uch  that  the  external  constraint*  on  the  two 
part*  are  catlefied. 
k,  Failure  example* 

A  number  of  equation*  to  illustrate  the  action  of  variou*  mechanical 
failure  mecHanism*  and  failure  mode*  will  now  be  considered.  For  exemple, 
machine  parte  may  fracture  for  many  different  reason*,  but  the  actual 
fracture  failure  follow*  either  of  two  baeic  mode*: 

1)  Ductile  or  shear  type  of  failure  caused  by  excessive 
•hear  stresses  and  resulting  in  slip  along  crystal* 
ographic  planes. 

2)  Brittle  or  normal  type  of  failure!  caused  by 
excessive  normal  stresses  and  resulting  in 
separation  of  the  crystals  along  planes  normal 
to  the  maximum  tensile  stress, 
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The  particular  mod*  of  failure  that  will  prevail  in  any  given  appli¬ 
cation  i»  the  result  of  the  comparative  balance  between  two  sets  of  opposing 
forces.  On  one  hand  are  shear  stresses  opposed  by  resistance  of  the  metal 
to  slip.  On  the  other  are  normal  stresses  opposed  by  cohesive  or  "tear 
apart"  resistance  of  the  metal.  Which  of  the  two  systems  of  opposing 
forces  is  overbalanced  first  determines  the  mode  of  failure. 

Some  materials  can  fail  in  a  ductile  manner  under  one  set  of  con¬ 
ditions  and  a  brittle  manner  under  another  set.  One  of  the  most  common 
materials  exhibiting  this  phenomenon  ie  mild  eteel  which  exhibits  ductile 
characteristics  if  pulled  in  a  simple  tensile  test  but  evidencee  a  brittle 
fracture  when  subjected  to  fatigue  loading  or  when  severely  notched. 

Another  example  ie  that  of  tool  steels,  which  under  pure  torsion  fall  in 
a  ductile  manner,  but  under  simple  teneion  fail  in  a  brittle  manner.  This 
case  ie  illustrated  in  Figure  7.  Where  maximum  shear  stress  ie  plotted 
as  the  ordinate  and  maximum  normal  stress  as  the  abscissa,  the  critical 
shear  stress,  or  the  shear  strength  of  the  tool  steel,  is  shown  as  A, 

Critical  normal  stress,  or  the  tensile  strength  of  the  tool  steel,  is  shown 
as  B,  The  rectangular  boundary  based  upon  these  two  values  represents 
the  strength.  When  a  machine  member  is  subjected  to  a  pure  torsional 
load  the  maximum  shear  strees  equals  the  maximum  tensile  stress.  The 
line  defining  this  loading  condition  will  therefore  take  the  slope  of  1,  or 
a  45  degree  direction  as  shown.  This  line  will  intersect  the  critical  shear 
strees  boundary  giving  rise  to  a  shear  or  ductile  type  of  failure,  On  the 
other  hand,  if  the  same  steel  is  subjected  to  simple  teneion,  shear  stress 
will  equal  one-half  the  tensile  stress  and  the  slope  of  the  line  will  be  one-half 
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MAXIMUM  SMEAR  STRESS 


IPPICT  OP  LOAPINO  ON  THI  TVPf  OP  PAILURI 
(Prom  C.  Upion,  Engineering  Per  Reliability) 
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*•  ihown.  Thie  line  will  intersect  the  critical  normal  eitfegt  boundary*  and 
normal  or  brittle  failure  will  occur,  The  particular  rectangle  ehown  in 
Figure  7  refer  a  to  tool  ateela,  Similar  rectangle*  can  be  drawn  for  other 
materiala. 

For  each  rectangle  the  mode  of  failure  will  in  addition  determined 
by  a  variety  of  external  condition*.  The**  external  condition*  ean  be 
analyaed  for  their  effect*  on  the  mode  of  failure.  The  moat  important 
factor*  in  determining  which  type  of  failure  will  take  place  are  tabulated 
*•  follow*; 

External  Factor*  Affectim  Mode  of  Failure 

a,  Manner  of  loading,  static  or  fluctuating 

b,  Rang*  of  impoaed  stresses 

e,  Number  of  load  application* 

d,  Velocity  of  loading 

e,  Direct. on  of  atres*  (i,  e,  uniaxial  or  polyaxial) 

f,  Temperature  during  the  load  application 

g,  Geometry  of  the  part  (1,  e,  pretence  of  atrea* 
concentration*,  etc,) 

Internal  Factor*  Affecting  the  Mode  of  Failure 

a,  Material 

b,  Surface  treatment  of  material 

With  regard  to  the  manner  of  loading,  it  may  be  etated  that  a 
machine  member  which  exhibit!  ductile  properties  under  etatic  loading  will 
in  general  fail  in  a  brittle  fashion  when  the  load  i*  fluctuating,  Ae  th* 
number  of  load  applications  increase*,  failure  generally  shift*  from  a 
ductile  type  of  failure  to  that  of  a  brittle  type,  Information  taken  from 
testing  of  many  industrial  products,  of  which  a  silent  chain  is  an  example, 
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indleattfthat  transition  from  ductile  to  brittle  failure  generally  appears  to 
occur  in  tho  neighborhood  of  ton  thousand  cyelss,  Information  «uoh  »•  thio 
would  indood  loom  to  indioato  that  it  ii  important  to  havo  «omo  knowledge 
of  basic  failure  mechanisms  whon  attempting  to  predict  intoliigontiy  tho 
modo  in  which  dovioo  failuro  might  occur, 

Repeated  stresses  howovor,  do  net  alwayi  rooult  in  a  fatigue  typo 
of  failure,  because  fatigue  ii  affected  by  tho  range  of  itrosi  and  the  number 
of  applications,  A  variable  stress  other  than  complete  stress  reversal  is 
caused  by  an  alternating  stress  superimposed  upon  a  steady  stress,  If  the 
< ratio  of  alternating  stress  to  steady  stress  is  relatively  low,  it  may  still  be 
possible  to  have  a  yielding  type  f  failure.  If  the  number  of  cycles  is  low 
the  failure  may  also -fall  within  a  plastic  classification.  Often  there  is  no 
distinct  line  of  demarcation,  since  the  results  are  affected  by  the  material 
and  the  stress  history,  previous  amount  of  cold  working,  etc,  Figures  8 
and  9  indicate  the  effect  of  stress  range  on  this  particular  failure  mechanism. 

Rate  of  loading  is  another  important  factor  which  determines  whether 
a  material  will  fail  in  a  ductile  or  a  brittle  manner,  A  material  that  evidences 
ductile  failures  under  simple  tension  at  ordinary  testing  speeds  may  show 
brittle  failure  when  loaded  at  a  high  rate,  It  should  be  noted  however,  that 
In  notched  impact  teet*  such  as  the  Sharpy  test  it  is  ths  presence  of  the  notch 
and  not  the  epeed  of  loading  which  causes  brittle  fracture,  According  to 
laboratory  taats,  internal  resistance  to  flip  increase!  directly  with  the 
velocity  of  deformation,  but  resistance  to  normal  aspiration  la  not  similar¬ 
ly  affected,  although  Zinc,  for  example,  will  bend  with  marked  ductility 
under  sudden  loading, 
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STATIC  TENSILE  PROPERTIES  OF  AN  ANNEALED  ANO  COLO 
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In  regard  to  the  direction  or  typ o  of  stress,  proceeding  examples 
have  shown  how  a  duetilo  material  can  foil  in  i  brittle  fashion.  An  example 
of  how  a  brittle  mot* riel  con  b«  mode  to  show  p’aeticlty  it  given  by  Von 
Kerman.  He  demonstrated  that  marble,  when  subjected  to  a  purely  hydro¬ 
static  or  polyaxial  state  of  stress,  would  deform  plastically  instead  of 
crumbling  as  it  would  under  uniaxial  compression. 

The  opposite  effect  is  found  in  a  simple  tensile  test  of  mild  steel, 
Upon  examination  a  fracture  of  this  type  will  be  found  to  be  made  up  of  a 
flat  central  area  with  surrounding  conical  head  which  is  illustrative  of 
central  cohesive  failure  and  external  ductile  failure,  During  the  pulling 
process  the  tensile  specimen  necks  down,  whereby  the  stresses  change 
from  uniaxial  to  triaxial,  The  result  is  a  cohesive  fracture  in  the  core 
which  continues  outward  until  completion  of  shear  failure  in  the  outer  area. 

The  geometrical  shape  of  a  particular  machine  component  has  a 
marked  effect  upon  the  stress  distribution, which  in  turn  has  a  marked 
effect  upon  the  failure  mechanism.  Any  discontinuity  in  material  or  sudden 
change  in  shape  of  a  machine  member  can  cause  local  triaxial  stresses 
and  may  alter  the  type  of  fracture  from  plastic  to  brittle  by  increasing  the 
normal  stresses  and  reducing  the  shear  stresses.  This  may  occur  micro¬ 
scopically  because  of  inclusion  and  initiate  a  crack  that  will  lead  to  a 
brittle  fracture  under  fatigue  loading,  It  may  also  happen  on  a  macroscopic 
level  resulting  from  a  sudden  change  in  the  diameter  of  the  piece,  such  as 
a  severely  necked  bar^and  cause  a  brittle  fracture  (i.e,,  a  large  stress 
concentration  factor).  Any  stress  concentration  factor  such  as  a  notch, 
•harp  tool  mark,  pitting  or  change  in  section  can  effect  the  condition  of 
stress  and  therefore  the  mechanism  of  failure.  Figure  10  is  a  graphical 
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FIO.  10  VARIATION  OF  STRESS  ACROSS  A  NOTCHED  CYLINDER 
SUBJECTED  TO  TENSION 
(From  Upton) 


•  29  - 


* 


representation  of  the  3  dimensional  itrm  system  in  a  notched  her  under 
tension. 

The  tsmpsrature  of  mstai  during  leading  eppeere  to  effect  iti 
resilience  to  slipping.  In  generel  resilience  to  slipping  inereeieu  with 
low  tempereture  end  decreeses  with  high  tempereture.  It  is  cleer, therefore, 
the!  e  brittle  frecture  cen  he  produced  in  e  tougher  material  by  lowering 
the  tempereture*  sufficiently,  so  the!  cohesive  forces  ere  overcome  under 
loed  before  slip  resistenee  brinks  down.  However,  under  eleveted 
tempereture*  e  plastic  flow  mey  take  place  at  etresse*  considerably  below 
the  conventional  yield  point,  because  resistance  to  internal  slip  i*  lowered. 

Another  factor  which  may  be  considered  is  that  of  surface  treatments 
introducing  residual  comprsssivs  stress  on  ths  surfecs  of  a  pert,  This 
compressive  stress  counteracts  tensile  etreea  resulting  from  ths  externally 
applied  load,  thue  reducing  the  probability  of  a  cohesive  failure.  In  this 
category  of  surface  treatments  belong  such  processes  as  shot  peening, 
carbsurialng.  induction  hardening,  and  nitrlting.  It  will  be  noted, however, 
tli  t  fin;, /face-treated  parts  can  develop  failures  originating  either  at  the 
surface  or  below  the  surface, depending  upon  the  type  of  applied  loading  and 
the  severity  of  stress  concentrations. 

3  Conclusions  from  mechanical  failure  mechanisms  study 

The  study  of  mechanical  failure  mechanisms  was  undertaken  to 
determine  to  what  extent  a  reliability  prediction  method  based  upon  euch 
information  could  be  formulated.  For  this  program  such  an  approach 
would  not  be  the  moat  effective  one.  Two  of  the  factors  leading  to  this 
conclusion  corns  from  a  study  of  ths  natur*  of  the  failur*  mechanism  data 


presently  available,  The  lir lit  i«  that,  although  a  seemingly  considerable 
amount  o l  information  i«  available  for  a  number  of  different  maehanieal 
mechaniema,  it  is,  to  a  larga  dagrae,  of  a  qualitative  natura,  Tha  aaeond 
factor  ia  that*  avan  whara  relationship*  may  ba  availabia  for  daacribing 
particular  failure  maehaniamc*  thara  ia  no  generally  applicable  theory 
connecting  thaaa  ralationahipa  ao  aa  to  provide  a  unified  approach  for  tha 
entire  apactrum  of  auch  mechaniama, 

In  cartain  apacific  araaa  empirical  equation*  coupled  with  specific 
experimental  raaulta  do  rapraaant  tha  obaarvad  phenomena  with  a  good 

i 

degree  of  accuracy.  Thaaa  caaea  are  by  no  maana  repreaentatlva  of  tha 
field  in  general.  Two  araaa  may  ba  contraatad  aa  an  example  of  thle 
eituation.  On  one  hand*  fatigue  probably  reproeenta  tha  beat  under atood 
failure  mechaniam*  Because  of  the  dynamic  nature  of  the  fatigue  problem 
and  ita  application  to  part- strength  analyaia  for  automated  equipment*  it  haa 
received  a  great  deal  of  attention.  However*  even  in  thia  well  atudied  area* 
many  facet*  of  the  problem  lack  quantitative  analytical  expreaaiona  which 
adequately  represent  the  obaerved  phenomena.  An  example  ia  the  area  of 
cumulative  damage  criteria  where  at  lea  at  four  theorie*  have  been  advanced 
to  explain  the  phenomena*  but  all  are  only  partially  able  to  do  ao.  The 
etudy  of  friction  and  wear  failure  repreaente  an  avan  woraa  aituation.  Hare 
little  evidence  of  any  broad  applicable  descriptive  theory  can  be  found, 

4.  Selected  approach  for  mechanical  prediction 

This  evaluation  of  mechanical  failure  mechaniami*  together  with 
further  etudy  into  the  mechanical  prediction  problem*  indicated  that  a  more 
useful  approach  would  be  to  handle  the  mechanical  aepect  from  what  will  be 
called  the  functional  module  level,  The  module  concept  apoken  of  here 
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servea  to  daaeify  a  mechanical  device  or  array  ol  components  according  to 
the  function  It  performs,  rather  than  according  to  ita  actual  physical  makeup, 
Aa  an  example,  conaidar  an  alaetro«maohanical»hydraulic  ayatam  whoaa 
function  la  to  ramotaly  drive  an  aircraft  control  aurfaca,  The  net  function 
performed  by  the  component*  making  up  the  module  cenaidered  hare  la  that 
of  poaitioning,  The  ooneideration  of  the  mechanical  aapact  at  thia  level  haa 
a  number  of  deairabla  featurea,  All  modulea  performing  the  aame  function 
may  be  atudled  aa  a  family,  evan  though  they  will  contain  different  compo- 
nenta  or  oonfigurationa  internally.  It  la  alao  possible  that  modulea  from 
the  aame  family  may  tend  to  exhibit  eimllar  outward  failure  modea  and 
patterna,  rather  Independently  of  the  componente  contained  within.  By 
conaidering  mechanical  devicea  at  thia  level,  better  utlliaatlon  can  be 
made  of  the  exiating  mechanical  reliability  data,  particularly  field  data, 
which  i  a  often  apparently  of  a  gro  a  a  nature,  Clearly,  aelectlon  of  thia 
direction  lmpliee  greater  emphaeie  upon  generality,  with  a  resulting 
conatraint  upon  precialon  tor  any  apecific  situation. 

After  determining  auitable  module  oonfigurationa,  determinietic 
relationahlpa  muat  be  derived  deacribing  the  output  of  the  module  in  terma 

of  ita  internal  characterlatica  (tranafer  function),  pertinent  environmental 

* 

factore,  and  time.  Taking  into  account  the  random  nature  of  thoee  factor* 
influencing  the  operation  of  the  module,  a  transformation  can  b§  mad#  from 
a  detarminiatlc  model  to  a  probability  modal  which  will  then  give  eom*  de¬ 
scription  of  the  reliability  characterlatica  of  the  module,  This  transforma¬ 
tion  to  a  probability  model  will  actually  involve  determining  the  parameter 
values  of  a  statistical  distribution  function.  Techniques  presently  exist  and 
are  being  developed  for  this  task,  The  major  problem  lie e  in  the  development 
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o I  the  deterministic  mods!  for  a  moduli,  It  should  bs  noted  that  neither 
individual  component  characteristics,  nor  the  fiold  of  mechanical  failure 
mechanism!  which  wae  previously  dtecuieed  in  iem«  length*  will  tot  ignored, 
Both  area*  cen  provide  valuable  input •  toward  the  development  of  the  de¬ 
terministic  model,  Alio,  the  electronic  portion  of  an  electro»mechanicai 
system  will  not  necessarily  lie  included  in  the  formulation  of  euch  module e, 
The  extent  to  which  the  electronic  area  will  he  Integrated  with  the  mechanical 
for  prediction  purpurea*  and  to  what  extent  they  will  be  eoneidered  eeparately* 
will  alao  be  one  of  the  outputa  of  the  program. 

D,  Program  Plan 

In  view  of  the  above  conaiderationa  for  an  approach  to  the  mechanical 
reliability  prediction  problem  during  the  first  quarter  of  the  program*  an 
updated  phase  outline  for  the  remainder  of  the  program  ie  presented  below. 

Program  Outline 

1,  Study  and  evaluation  of  the  electronic  reliability  area, 
and  general  reliability  prediction  techniques. 

2,  Development  of  functional  module  concept  from 
equipment  studies, 

3,  Evaluation  and  mathematical  modeling  for  module. 

4,  Transformation  into  module  probability  model. 

5,  Electro- Mechanical  interface  consideration! 

(combining  prediction*  from  both  areas), 

6,  Physical  model  coneideretions,  design  and  test  of  model* 
followed  by  evaluation  of  data  and  incorporation  into 
prediction  technique, 

7,  Implementation  of  technique  for  general  ue*  in  making 
reliability  predictions 
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The  lollowing  bibliography  contain*  *  lilting  of  document!  aurveyed 
end  utili »ed  thue  lor  in  the  program,  The  listing  i*  divided  into  three 
area  it  a  listing  el  general  reliability  document*  including  theie  utiliaed 
in  the  lurvey  o I  mechanical  lailure  mechaniima,  a  lilting  el  ICL 
technical  requirement*  document*  acquired  Irom  the  Signal  Corp*.  and 
a  Hating  of  Army  Technical  Manual*  acquired  Irom  the  Signal  Corp*. 

The  item*  in  the,  latter  two  area*  are  being  utilised  in  the  eurvey  o I  Signal 
CO'i’D1  iquipment, 
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v.  gsmmm 

The  initial  effort  in  th*  program  hae  been  directed  toward 
d tin » mini ng  th#  meet  euitabl#  technique  for  handling  the  mechanical 
reliability  prediction  tmk.  The  investigation  indicated  that  prediction 
effort  centered  on  the  failure  meehaniem  level  would  have  th*  die* 
advantage*  that  th*  larger  portion  of  knowledge  on  failure  mechanieme 
ie  either  empirical  or  of  a  qualitative  nature.  In  addition,  there  ie 
presently  no  generally  applicable  theory  conneoting  thee*  relationship* 
«o  a*  to  provide  a  unified  approach  for  th*  entire  failure  mechanism 
•peetrum. 

Th*  prediction  approach  which  ha*  *voiv*d  from  the  studies 
carried  nut  during  th*  firet  quarter  utilise*  the  concept  of  the  functional 
modula  By  dealing  with  th*  reliability  prediction  problem  et  this  level, 
a  more  general,  though  probably  iese  precis*  approach  i*  taken  to  the 
problem,  while  etill  allowing  the  us*  of  certain  failure  meehaniem  con* 
oepts  where  they  would  be  most  useful. 
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VI.  raOQIUM  TO*.  NMiauAUm 

During  the  next  quarter  the  per  lion of  th«  literature  Mirth 
concerned  with  electronic  reliability  information,  which  wu  started 
late  in  the  lint  quarter*  will  bt  completed.  From  thi*  eeareh  a  detailed 
review  will  be  nude  of  Available  electronic  failure  data  and  ite  applicability 
to  thi e  program.  In  addition,  a  study  will  be  etarted  on  failure  dletribu- 
tione  and  atatietice  for  electronic,  electromechanical,  and  mechanical 
parte. 

A  detailed  mail  eurvey  of  the  country'!  largeet  manufacturer!  of 
mechanical  component*  will  be  Initiated.  The  companies  will  be  chosen 
on  the  basis  of  their  manufacturing  mechanical  component*  and/or  module* 
elmilar  to  thoe*  aelected  a*  being  typical  of  thoa*  found  in  Signal  Corpa' 
equipment*.  Information  will  be  requested  concerning  the  result*  of  any  life 
teat*,  and  any  data  on  failure  rate i.  expected  life,  failure  mode*,  and  opera* 
tional  etreaaea, 

A  detailed  review  will  be  mad*  of  Signal  Corps'  technical  literature 
for  the  purpose  of  catagoriaing  both  the  electronic  and  mechanical  components 
within  various  equipments,  From  this  study,  the  functional  modules,  which 
will  form  a  basic  part  of  the  reliability  prediction  technique,  will  be  formed, 
and  their  characteristics  will  be  studied.  Thi  a  atudy  of  the  module  a  will 
provide  information  toward  determining  the  parameters  for  the  failure 
distribution  function*  of  the' modules  being  studied,  Investigation  will 
also  be  started  on  probability  distribution  functions  which  will  form  a 
part  of  the  prediction  technique. 
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The  lift  Iff  low  indicftf  *  thf  ARE  ftaff  membfri  who  have  taken 
pa ft  in  thf  work  eovf rfd  by  thif  report*  including  thf  man»houri  of  fffort 
contributed  by  each  pf  non  during  thf  quarter,  Thf  following  page 1  pnaant 
thf  background  and  experience  of  thf  ARE  itaff  member »  presently  *f figned 
to  th«  project. 


Nome 

Darwin  F,  Simonaitli,  Project 
Engineer 

Thomai  L.  Buih 

Carlton  E.  Gebhart 

Morton  E.  Goldberg 


TITLE: 

EXPERIENCE: 


PUBLICATIONS: 

EDUCATION: 


AFFILIATIONS: 


BUSH)  THOMAS  L, 

Research  Engineer,  Applied  Mechanic! 

Mr,  Bush  has  over  tight  years  o t  experience 
in  engineering  design  and  analysis,  Hit  early 
experience  wti  in  tAe  design  of  automatic 
high-speed  machinery  for  handling  and  process* 
ing  paper  and  plastic  filmt»  and  in  packaging 
equipment  for  tht  food  industries,  Sinet  joining 
Armour  Research  Foundation)  h*  haa  participated 
in)  and  directed  projects  conctrntd  with  tht 
development  of  high  "g"  and  vibration  tolerant 
packaging  for  tltetronie  component*,  dynamic  and 
vibration  analytic  of  various  materiale-handling 
•ytttma  and  automatic  ttat  equipment,  Hie 
background  aleo  ineludte  undergraduate  teaching 
in  Mechanical  Engineering  at  Illinois  Institute 
of  Technology, 

"A  Mechanised  Live  Animal  Transport  System 
for  Packing  Houeee,  "  Second  place  in  1961 
Chicago  Section  A,  S,  M,  E  Priae  Paper  Contest, 

B,  S,  in  mechanical  engineering,  Illinoie  Institute 
of  Technology, 

Completed  count  requirements  for  M,S,  in 
Mechanical  Engineering  at  tame  institution, 

A ,  S,  M,  E 
Pi  Delta  Epeilon 
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QEBHART,  CARLTONS, 


AnstUii  Engineer,  Applied  Mechanics 

Mr,  Oebhart's  experience  prior  (to  Joint  Armour 
Research  Foundation  was  in  the  field  of  stress 
analysis  of  military  electronic  equipment  for 
aircraft,  missiles,  end  satellites,  Ht  hot  boon 
responsible  for  tho  otrueturol  adequacy  of  such 
devices  as  microwave  antennas,  and  infrared 
fookors  and  guidance  heads,  In  that  capacity,  ho 
became  familiar  with  tho  problems  resulting  from 
oxtromo  thormal,  vibration,  and  shook  require- 
monto, 

iinoo  joining  tho  staff  at  tho  Foundation,  Mr, 
Oebhart  has  boon  engaged  in  projooto  eonoorning 
tho  mechanics  of  rigid  and  doformabio  bodioo, 

"Tho  Xffoet  of  Forces  and  Pressure*  a«  a  Cauoo 
of  Coning  on  a  Face  Seal  Uood  in  tho  Pratt  and 
Whitney  J-78  Engl  no,  "  Bachelor's  Thooio, 
Department  of  Mechanical  Engineering,  M,  I.  T, , 
January  19§4, 

"Bonding  of  Symmotrioally  Loadod  Circular  Plato* 
With  Arbitrary  Croop  Characteristic*,  "  Master's 
Thooio,  Department  of  Enginooring,  University 
of  California,  May  19S1. 

B,S>  in  Mechanical  Engineering  from  tho 
Massachusetts  Institute  of  Technology 

M>  I,  in  Enginooring  from  tho  University  of 
California  at  Los  Angelos  under  a  Hughes  Master's 
Fellowship, 

Pi  Tau  Sigma 
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GOLDBERG,  MORTON  S, 

Manager,  Reliability  and  Components 

Ooldberg  has  been  with  ths  Foundation  sines 
HH,  He  has  had  difeet  responsibility  for  a  number 
of  research  programs  in  the  areas  of  determining  and 
improving  equipment  and  component  reliability.  These 
•tudiei  included  the  following:  behavior  of  eieotron 
tubes  during  exposure  to  severe  vibration,  and  design 
oi  standard  vibration  testsi  redesign  of  subminiature 
R.  F,  connectors  to  improve  reliability!  reliability 
enhancement  of  rotary  selector  switches!  evaluation 
of  printed  circuit  solder  joints)  reliability  determine* 
tion  of  resistors  and  silicon  rectifiers  subjected  to 
electrical  and  temperature  over* stress  conditions) 
and  analysis  of  nuclear  radiation  damage  in  semi* 
conductors,  Hs  has  supervised  programs  including 
those  dealing  with  investigations  of  wire  and  cable  for 
aircraft  and  missile  applications,  electromagnetic 
and  electrostatic  accelerators  and  underwater  arcing 
phenomena,  Bystems  studies  include  programs 
directed  toward  the  establishment  of  system  avail* 
ability,  determination  of  information  retrieval  and 
analysis  of  reliability  in  terms  of  changes  in  system 
errors,  and  reliability  and  life  expectancy  analysis  of 
complex  electromechanical  systems.  Hs  is  currently 
in  charge  of  a  program  directsd  toward  determining 
device  reliability  through  analysis  of  its  machsnisms 
of  fsilurs,  Prior  to  joining  ths  Foundation,  hs  was 
associated  with  a  manufacturer  of  special-purpose 
capacitors  for  more  than  one  year,  and  with  a  firm 
engaged  in  the  development  of  industrial  process  control 
systems  for  more  than  four  years, 

"Failure  Theory  a*  An  Achilles  Hsel  of  Reliability 
Policies.  "  Proceedings  of  the  Second  Annual  Bay  Area 
Reliability  Seminar.  May.  i960,  co-authored  with 
R,  M,  Bergelten  and  G,  T,  Jacobi, 

B,8,  in  electrical  engineering.  1950.  Illinois  Institute 
of  Technology!  M,S,  in  electrical  engineering.  1951. 
Illinois  Institute  of  Technology. 

Institute  of  Radio  Engineers 
Tau  Beta  Pi  (Engineering) 

Eta  Kappa  Nu  (Electrical  Engineering) 

Sigma  iota  Epsilon  ( Profs  ssionai) 

Member  of  Electronic  Industries  Association  Military 
Electronic  Systems  (MS)  Committee,  and  Military 
Reliability  (MS.  2)  Subcommittee. 

Co-Chairman,  Symposium  on  the  Physics  of  Failure 
in  Electronics,  Chicago,  Sept.  1962. 
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SIMONA1TIS,  DARWIN  F. 

Assistant  Enginaer,  Reliability  and  Component* 

Mr.  Simonaitii  Joints  the  Foundation  in  1 919. 

Ho  hte  experience  in  the  deeign  and  evaluation 
o i  a  number  of  electrical  component!*  including 
RF  eonnectori,  dooign  of  oloetrioal  oafoty  do* 
vieoo,  and  dooign  and  evaluation  of  vibration 
tooto  for  vacuum  tuboo.  Ho  hao  conducted  an 
aooooomont  of  oyotom  offoetivonooo  of  a  largo 
ooalo  data  aequialtion,  proooooing  and  tranomioolon 
system*  and  hao  carried  out  an  error  and  re¬ 
liability  analyaio  for  a  largo  ooalo  data  proooooing 
oyotom  for  use  on  roooarcn  and  exploration  of 
space  environment!,  Hie  moot  recent  activities 
have  included  an  inveotigation  of  wire  and  cable 
and  their  requirement*  for  aircraft  and  mioeile 
application!*  a  otudy  of  breakdown  and  corona 
phenomena  at  high  altitudeo,  an  evaluation  of 
electrostatic  generator  concepts  for  high  voltage 
applicationo  in  spacecraft*  dooign  of  high  voltage 
switching  circuits,  and  a  otudy  of  dry- circuit 
measurements  for  electrical  contacts. 

B.S,  in  electrical  engineering*  1999* 

Illinois  Institute  of  Technology 

M,  S.  in  electrical  engineering*  1961 
Illinois  institute  of  Technology 

Tsu  Beta  Pi  (Engineering) 

Eta  Kappa  Nu  (Electrical  Engineering) 
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Deputy  President 
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Arlington  12,  Va,  1 

Commander 

Armed  Service*  Tech  Info  Agency 
Attm  TIPCR 
Arlington  Hall  Station 

Arlington  12,  Va,  10 

Director 

U,  S,  Naval  Research  Lab 
Cod*  2027 

Waehington  25,  D,  C.  1 

Commanding  Officer  and  Director 
U,  S,  Navy  Electronic*  Laboratory 

San  Diego  12,  California  1 

Commanding  General 

U,  S,  Army  Electronic*  Rand  D  Activity 

Attn;  Tech  Library 

Fort  Huachuca,  Ariaona  1 

Rome  Air  Development  Center 

Attn!  RAALD  1 

RASGR  (Mr,  Krayeiak)  1 

RASOR  (Mr,  Donald  Fulton)  1 

Griffie*  Air  Force  Bate,  N.  Y, 

Air  Force  Cambridge  Rea,  Lab* 

Attm  CRXL 

L,  G,  Hanicom  Field 
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L,  0.  Henecom  Field 

Bedford)  Mae*.  1 

HQ,  Electronic*  Syetem*  Div, 
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L.  0,  Henacom  Field 

Bedford,  Me**  2 

Aeronautic*!  Syatema  Div, 

Attn;  ASAPRL 

Wright-Patteraon  AFB,  Ohio  1 

Chief,  U,  S.  Army  Security  Agency 
Arlington  Hell  Stetlon 

Arlington  1«,  Va.  2 

Research  Triengle  Institute 
Attn;  Mr.  J  B.  Tbnmerdehl 
P  0  Box  490 

Ourhem,  North  Caroline  1 

Commending  Officer 

U.§,  Army  electronic »  Materiel  Support  Agency 
Attn;  SJCLMS.ADJ  1 

SFLMS-PP  (Mr.  Malkin)  1 

Fort  Monmouth,  N.J, 

Air  Force  Syateme  Commend 
Attn;  AFSC,  STLO,  MADC 

JohnaviUe,  Pe,  1 

Merine  Corpa  Lieiaon  Office 
U.S.  Army  Electronic!  R  end  0  Lab 

Fort  Monmouth,  N,  J.  1 


Mi* a  Ruth  h'emifl 

(A.  0. 1  )  Project  Engr  ASRMF8- 1 
Aeronautical  Syatema  Div 

Dayton  1,  Ohio  1 

Commending  Officer 
Diamond  Ordnance  Fuse  Labe 
Library,  Rm  211,  Bldg.  92 
Washington  2$,  D,  C, 
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U,S.  Army  Engineer  R  And  D  Labi 
Attn:  EADKI  (Mr,  H,  X,  Sells) 

Production  Engineering  Br, ,  Engrg  Dipt 
Fort  Biivoift  Virginia  l 

Commanding  Central 
Frankford  Arsenal,  Box  7999 

Philadelphia,  Pa,  1 

Commander 

Aeronautical  Syetems  Div, 

Flight  Control  Laboratory 

Attn:  ASRMCE»3(J,  H,  Kearns,  111) 

Wright* Patterson  AFB,  Ohio  1 

Command  Officer 

U-  S,  Army  Combat  Developments  Cmd 
Attn,  CDCMR-E 

Fort  Belvoir,  Virginia  1 

Commanding  Officer 
U,  S,  Army  Communication!  and 
Elect,  Combat  Dev,  Agey 

Fort  Muaehuoa,  Ariaona  1 

Commanding  General 

U.  S.  Army  Elec,  R  and  D  Activity 

Attn:  Mr,  James  J.  Lamb 

Fort  Huachuea,  Ariaona  l 

Director 

Fort  Monmouth  Office,  Bldg  410 
U,  S.  Army  Comm,  and  Elect  Combat 
Dev,  Agcy 

Fort  Monmouth,  N.  J,  1 

Commanding  General 
U.S,  Army  Elect,  Cmd 

Attn:  AM5EL-AD  3 

AMSEL-RE  (Mr.  Moncrief)  1 

AMSXL-PP.9  (Mr.  Steiner)  1 

Fort  Monmouth,  N.  J. 

Commanding  Officer 

U.S,  Army  Ordnance  Arsenal 

Attn:  Teen  Info  Sec. 

Pioatinny,  Dover,  N,  J.  1 


